We report in situ environmental transmission electron microscope observations of the nucleation and growth of multi-wall and singlewall carbon nanotubes formed by the catalytic decomposition of acetylene (C 2 H 2 ) on Ni/SiO 2 catalyst. The growth rate, structure and morphology of the carbon nanotubes formed depended upon reaction temperature and pressure. Under 20-100 mTorr of gas pressures at 480 C, serpentine-shaped or zigzag, multi-wall carbon nanotubes grew at an average rate of 35-40 nm sec À1 . At pressures <10 mTorr at the same temperature, straight single-wall carbon nanotubes with nearly uniform diameters ($3.5 nm) formed at average growth rates of 6-9 nm sec À1 .
Introduction
Carbon nanotubes (CNTs) have been intensively studied since their discovery [1] [2] [3] because of the great interest in their unique mechanical, thermal and electrical properties [4] . Part of the allure of nanotubes is that they are small enough to show the effects of quantum confinement and yet, at the same time, many of their properties can be understood in terms of large-scale classical mechanics. Nanotubes have been measured to have an equivalent bending modulus of 1.2 TPa, making them as stiff, if not stiffer, as diamond [5, 6] . For single-walled carbon nanotubes (SWCNTs), chirality controls whether the nanotube will be metallic or semiconducting. In addition, the small tip radii of the curved end caps of nanotubes make them ideal fibers for generating high electrical fields at low voltages (field emitters). However, to create reliable networks and devices from nanotubes, CNTs with the desired property need to be synthesized as part of a device. Traditional synthesis methods so far employed [arc discharge, laser ablation and chemical # The Author 2005. Published by Oxford University Press on behalf of Japanese Society of Microscopy. All rights reserved.
Journal of Electron Microscopy 1 of 7 For permissions, please email: journals.permissions@oupjournals.org doi:10.1093/jmicro/dfi037 vapor deposition (CVD)] produce a jumbled mess of graphite-like 'onion rings', multi-walled carbon nanotubes (MWCNTs), and both metallic and semiconducting SWCNTs. Chemical methods have been used to purify the resultant mixtures [7] [8] [9] [10] but they are not very practical for making devices. Therefore, synthesis of CNTs with a desired property for a particular application requires a deeper understanding of growth mechanisms and better control of synthesis conditions. A number of growth mechanisms for CNTs have been inferred from theory and from high-resolution electron microscope (HREM) images of the product material [11] [12] [13] . Atomic-resolution transmission electron microscopy (TEM) has been the technique of choice for the characterization of the structure and chemistry of CNTs. Recent developments in TEM instrumentation have made it possible to make in situ observations of gas-solid interactions at the atomic scale using an environmental transmission electron microscope (ETEM) [14] [15] [16] . This microscope also works as a nanoscale cold-wall chemical vapor deposition (CVD) chamber, allowing direct observation of nucleation and growth [17] . Recently, time-resolved high-resolution images, recorded under reaction conditions using an ETEM, have been used to propose a growth mechanism for carbon nanofibers [18] . We have previously reported that MWCNTs form at low temperature (500 C) while SWCNTs form at a higher temperature (700 C) by the catalytic decomposition of C 2 H 2 over Ni/SiO 2 [19] . We show that the growth mechanisms, growth rates and morphology of the CNTs formed are not only dependent on the properties of the catalyst and precursor but also on the synthesis conditions (temperature and pressure). We report the direct observation of structural changes occurring during the nucleation and growth of CNTs that at present can only be achieved using an ETEM.
Methods
The Ni/SiO 2 catalyst with very narrow particle size distributions (1.5-3 .0 nm) and 1.75 m 2 g À1 surface area was obtained by heating at 1000 C for 6 h after co-precipitation, as described previously [20] . For in situ observations, we used a specially modified transmission electron microscope, the Tecnai F20-ETEM, operated at 200 kV, equipped with a Gatan imaging filter (GIF) and a Gatan annular-darkfield (ADF) detector. This microscope permits samples to be observed in a controlled gaseous environment at pressures up to 8 Torr and temperatures up to 900 C, while maintaining near-atomic resolution imaging capability [16] . The catalyst powder, dry-loaded on 400 mesh Ni grids, was first heated to 450-480 C for 30-60 min in the microscope column in a vacuum of $10 À6 Torr to ensure the reduction of any nickel oxide that might be present in the sample. Then 0.08-100 mTorr of acetylene (C 2 H 2 ) was introduced into the sample area, while recording the intermediate-magnification images to monitor a large area and hence increase the probability of direct observation of the CNT formation. The images were recorded using a digital video recording system with 1/30 s time resolution connected to a TV rate camera. The sample was surveyed using HREM after stopping the gas flow and evacuating the sample area (%10 À6 Torr) to characterize the types of CNTs formed after the in situ observations. Similar nanotubes were also formed in other areas that are not under direct observation (not irradiated by the electron beam), indicating that the electron beam radiation had an insignificant effect on the nucleation and growth process under typical imaging doses. Ex situ synthesis of CNT was performed by heating some of the dry loaded Ni-TEM grids in a vacuum furnace, with a flow reactor design, under similar conditions as used for the ETEM observation.
Results and discussion elapsed from the first image is marked on each frame. A number of CNTs were formed during the time between the introduction of the gas into the specimen area and when the video recording was started (a few seconds). Thus it already has nanotube growth in progress, as shown in Fig. 1a . A Ni catalyst particle, marked by the arrow in the first frame (Fig. 1a) , was observed to move out of the substrate (Ni/SiO 2 powder) to form the apex of a hollow tubular structure (Fig. 1b) . After the growth for a distance of $12 nm in 0.133 s, no further growth occurs in the following 0.1 s (Figs 1b and 1c). Growth then resumes at sharp angles relative to the original growth direction (Fig. 1d ). The angles cannot be reliably measured from a single projection, but the nanotube is approximately parallel to the original growth direction after the second bend. This process of changing growth directions continued until the apex anchored back to the substrate forming a loop (Figs 1e-i), and then growth appears to stop. CNTs were often observed to grow in a zigzag manner, forming waves, spirals or loops under C 2 H 2 pressures of 20-100 mTorr. Although CNTs are very compliant with respect to lateral bending, we note that the specific bends in the tubes are preserved for the duration of the growth process. The effect of thermal vibrations can be detected at the nanotube tips as the nanotube lengthens [21] . The images of the walls become less distinct between 1.7 and 1.9 s of the growth period, either due to thermal vibrations or due to the change in the growth direction that is no longer in the plane of the projection. Once the nanotube becomes anchored at both ends, the nanotube walls show up more clearly (compare Figs 1h and 1i). It is clear that the serpentine tube morphology generated under these conditions is due to changes in the growth conditions and structure, rather than due to any thermal or stress-induced bending of an otherwise straight nanotube. In addition, the preservation of the bends indicates clearly that the growth is occurring at the tip where the nickel particle is located, rather than at the base of the tube.
A growth profile was generated ( Fig. 2 ) and the incremental change in projected length during each frame (1/30 s) was used to estimate instantaneous growth rates for each frame. Because of the projection problem, the true growth rate will tend to be underestimated. The growth rates measured in this manner were broadly distributed, and were indicative of discontinuous growth. For example, there is little apparent growth between the frames shown in Figs 1b and 1c, and a stagnant period with <0.8 nm of growth in 0.17 s was observed between the frames shown in Figs 1f and 1g (see also Fig. 2 ). Instantaneous (projected) growth rates in excess of 100 nm s À1 were observed in numerous frames. The growth periods for any individual nanotube formed under these conditions were observed to be limited to 3-5 s after their nucleation. On the other hand, nucleation of new CNTs continued and the number of tubes formed was observed to increase during the first 2-5 min, after which significant nanotube formation was not observed. It is clear from these observations that growth occurs episodically, rather than uniformly, suggesting that growth under these conditions does not proceed simply as a result of reactive collisions with the gas-phase species. At a temperature of 480 C, the apex of a CNT, 3 nm in diameter, would experience $50 000 collisions from gas-phase acetylene or its decomposition products in the 1/30 s between each frame. Fluctuations in the collision frequency are not large enough to account for the addition of $3000 carbon atoms to the tube in one frame and none in the next. Rather, it appears that catalyzed nanotube growth is a binary process, switching between active growth when certain conditions are satisfied and non-growth when they are not. We note that the nanotube can grow by more than the diameter of the catalyst particle between frames, suggesting that the 'off' state likely does not result from the full depletion of dissolved carbon in the catalyst particle as has been previously proposed by Baker [11] . However, the Baker model remains viable if a threshold of dissolved carbon is needed for growth. expected to occur on time scales much shorter than the video sampling rate of $1/30 s, and so are unlikely to be the explanation of our observations.
The classical ledge mechanism of nucleation and growth from the vapor phase could explain the stochastic phenomenon observed here. The ledge may be provided by the formation of a step on the Ni catalyst surface. Although metal atoms are known to become mobile at the Tamman temperature, half the melting temperature in Kelvin, Ni particles has been observed to be mobile at much lower temperatures [18] . This may be due to a local increase in temperature due to the exothermic nature of the decomposition of hydrocarbon [22] . Therefore, we expect Ni atoms in 2-3 nm catalyst particles to be continuously changing shape and constantly generating new surfaces. It is plausible that nanotube growth is preferentially catalyzed by certain crystallographic Ni surfaces or surface steps. Fahmi and van Santen [23] indicate that acetylene lies flat on the Ni (111) surface. Moreover, the calculated surface energies of bare {111} and {110} Ni surfaces, and the desorption energy of a single carbon atom from these surfaces, are comparable. These have been proposed to be the most reactive surfaces [24] . Changes in nanotube growth direction by multiples of 30 could then be understood in terms of switching between different {110} and {111} type surfaces. Figure 3 shows a possible mechanism of growth. For simplicity, we assume a small Ni particle oriented along a h111i direction that is bound by {110} type surfaces. The nanotube nucleates and continues to grow on one set of Ni {110} surfaces as long as the surface is actively adsorbing and decomposing acetylene. Transient melting, or a crystallographic rearrangement, will stop the growth of the tube momentarily until a new set of active {110} surfaces resume the growth. The new growth direction will be controlled by the angle between two sets of 110 surfaces (i.e. 110 and 101, 60 ). A key feature underpinning this explanation is that there will be a defined angular relationship between the active surfaces of the Ni particle before and after the nanotube bending event. Plausibly, epitaxial lattice-matching of the Ni {110} planes to the graphene lattice of the nanotube could induce the Ni particle to re-orient itself so that the Ni {111} aligns with the nanotube axis. Recent ex situ results by Kuang et al. [25] on larger multi-wall nanotubes show TEM evidence for the alignment of Ni particles with the nanotube axis, and evidence of melting and agglomeration of Ni. In addition to any Ni/graphene epitaxial constraints, there are structural constraints on the nanotube framework. Carbon atoms in the nanotube walls are 3-coordinated i.e. every carbon atom is attempting to bond to three other carbon atoms, as it does in graphite. During growth, bends can be accommodated in SWCNTs by the addition of equal numbers of pentagons and heptagons, as defects in the mainly hexagonal graphene lattice. Figure 4 shows a model of such a bend in a SWCNT. The bend accommodates two inherently different nanotube structures. The one on the left is a 10,0 type nanotube, and that on the right is a 5,5 type nanotube. The two nanotubes can be merged seamlessly, with fully 3-coordinated carbon atoms, by introducing equal numbers of 5-rings and 7-rings so that the overall polyhedral curvature of the nanotube does not change. In this model, 3 such 5-ring/7-ring pairs were introduced. Other combinations and distributions are topologically possible. The tube axis bends naturally through 60
. Consecutive bends can restore the original framework structure, i.e. 10,0-5,5-10,0 or 5,5-10,0-5,5 , creating Z-junctions that have interesting electrical properties. The density of 5-ring/7-ring pairs will control the nanotube morphology. A high density of such pairs will result in serpentine nanotubes, a lower density will produce straight nanotubes with occasional 60 and Fig. 3 Sketches showing a plausible growth mechanism for smalldiameter CNTs. (a) The model assumes that nanotubes grow preferentially on certain crystallographic Ni planes. The {110} Ni surface is thought to be the most active. (b) The particle rotates, or melts and re-crystallizes. Growth cannot continue until the particle {110} planes lie close to 0 , 60 or 120 to the original growth direction. (c) This allows the particle to continue growth as a fully 3-coordinated seamless tube by incorporating 5-ring/7-ring pairs into the graphene lattice. (d) When growth conditions introduce low densities of 5-ring/7-ring defect pairs, the nanotube segments are straight, punctuated by 60 and 120 bends. (e) When high densities of defects are present, the nanotubes can appear to be continuously curved and of irregular diameter. (b-d) The growth direction changes by 60 or 120 as different sets of {110} surfaces become active as is observed in Fig. 1 . Fig. 4 A hypothetical bend in a SWCNT induced by three 5-ring/ 7-ring pairs. The tube on the left is a 10,0 nanotube. The one on the right is 5,5 nanotube. Despite the bend and the rounded endcaps, the nanotube remains a seamless 3-coordinated structure. The distribution of 5-rings and 7-rings shown here is not unique, many different variants that support such a bend being possible. bends, and a very low density will produce mostly straight-walled nanotubes.
Controlling the gas pressures, as expected from basic collision theory, can alter the growth rates. At lower pressures, we observed not only slower growth rates, but also a different growth mechanism. Figure 5 shows timeresolved images obtained from a video sequence recorded at 480 C under 1 mTorr of C 2 H 2 gas pressure. Digitized individual frames were averaged over two frames in order to obtain sharper images. After 20 s of observation time, two loops of individual CNT (marked with black and white arrows in Fig. 5a ) were clearly visible. Both of the tubes were observed to grow out of the substrate slowly (Figs. 5b and 5c ) and one end of the CNT (marked with black arrows) was detached from the substrate after 28.6 s (Figs 5d and 5e) . Similarly, the CNT marked with the white arrow started to detach after $30 s of growth (Fig. 5f ). In contrast to the growth from one end illustrated in Fig. 1 , the curvature of the tubes in Fig. 5 appears to be due to elastic strain, much (but not all) of the bending is reduced upon detachment of one end of the tube. Since the bases of these looped tubes cannot be resolved, it is unclear whether the growth occurs at both ends simultaneously, or only at one end. As there is no change observed in the structure of the substrate itself, the movement of the CNT cannot be attributed to thermal expansion in the substrate pushing out an existing tube. Some of the other tubes with similar loop structures were observed not to change (grow) during the 10 min of observation (Fig. 5) . On the other hand, a number of new straight CNTs were formed during a period of $10 min and the total number of tubes formed increased with time ( Fig. 6a) as was also observed at higher pressures (Fig. 6b ). Under these conditions individual tubes grew for 30-45 s after nucleation. High-resolution imaging was used for characterization of CNTs grown under these conditions and they were found to be SWCNTs with nearly uniform diameters between 3 and 3.5 nm (Fig. 7) . It has been suggested that the CNT growth stops after the CNT is capped [13] or if the tip of catalyst particle is completely covered with carbon (i.e. deactivated) [18] . Neither of these mechanisms explains why some CNT loops observed in Fig. 1 or Fig. 5 did not change during the 10 min of observation period while others grew and one end detached from the substrate.
Our data show that the growth rates, duration of growth and length of the CNTs formed are controlled by the showing a different nucleation and growth mechanism for CNTs. Two CNTs anchored on both ends to the substrate; marked with black and white arrows, respectively, are observed to grow out forming bows (a-d). The CNT marked with the black arrow detached from the substrate on one end and started to straighten out while the one marked with white arrows continued to grow (e and f). Note that some other CNT loops formed did not change during the observation period. The bar is 10 nm, and the time lapsed in seconds is shown in the bottom right corner. synthesis conditions. The total growth time of individual CNTs after nucleation was observed to be longer at lower gas pressures (15-45 s compared with 3-5 s at high gas pressures), and the average length of the tubes was $50 nm (Fig. 6a) . At gas pressures >20 mTorr, CNTs were observed to grow up to 340 nm in length, in a serpentine manner with the apex frequently returning to anchor to the substrate (Fig. 6b) . Tubes grown at low pressures (<5 mTorr) were anchored to the substrate in the beginning and detached after the growth was almost complete (Fig. 5 ). SWCNTs were observed to form either at higher temperature (700 C), as reported earlier [19] , or at lower temperatures and low pressures (480 C and <20 mTorr). The lower gas pressures favored the formation of clean single-walled tubes with almost uniform diameters while the higher pressures (>20 mTorr) resulted in the formation of double or multiwall CNTs. Our ex situ experiments performed under similar conditions support our in situ observations. The wide variation in growth periods confirms that it is the growth mechanism, and not the availability of carbon, that controls the length of the CNT formed under the same conditions.
Concluding remarks
We show that the ETEM can be effectively used to determine growth rates, mechanisms, structure and morphology of the CNT formed under diverse reaction conditions (temperature and pressure). From our observations it can be concluded that (i) At pressures >20 mTorr of acetylene, CNTs grow with a serpentine morphology, with the growing apex frequently returning to the substrate to get anchored at both ends. (ii) The growth rates at any given temperature and pressure are irregular. This growth irregularity cannot be dismissed as a mere artifact of image projection, where a nanotube growing parallel to the viewing direction will appear stationary in the image (although such situations are also observed). (iii) The growth rate, mechanism, morphology and length of the CNTs formed are different for different reaction conditions. (iv) Our observations also indicate that SWCNTs with uniform diameter can be synthesized at temperatures as low as 480 C at pressures <10 mTorr of C 2 H 2 .
(v) We hypothesize that the growth direction of SWCNTs is influenced by facets on the catalyst particle, which can rotate during growth.
We have been able to synthesize both MWCNT and SWCNT using the same catalyst by altering either the reaction temperature [19] or the pressure. The growth durations were observed to be very short and to depend upon the reaction conditions, and SWCNTs were observed to form at temperatures as low as 480 C. This may have implications for large-scale nanotube syntheses as short reaction periods will restrict the formation of unwanted carbon-containing structures. Local variations in the growth rate and serpentine morphology suggest that rotation of the catalyst particles (or possibly transient melting-recrystallization events) may be responsible for the bending of SWCNT by introducing pentagon-heptagon defect structures.
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